Abstract-The precise modeling of arbitrarily aligned different material interfaces in composite electromagnetic compatibility (EMC) applications, is introduced in this paper through a fully explicit family of three-dimensional weighted essentially nonoscillatory schemes in the time domain. Developing curvilinear tessellations of auxiliary nodes compliant with a convex combination of all optimal candidate stencils, the novel algorithm allocates pertinent weights for wide-band evaluations at the particular regions. Also, via an enhanced temporal integration, continuity conditions are imposed in a local regime, without any unfavorable instabilities or vector parasites. Thus, the prior volumetric concepts suppress intrinsic grid defects even when time-steps are fairly large unlike in usual approaches. Numerical analysis verifies these benefits by diverse realistic EMC structures with laborious interfaces of complex shapes, curvatures, and dissimilar media configurations.
I. INTRODUCTION
T HE construction of plausible numerical models for highly detailed or large-scale electromagnetic compatibility (EMC) devices remains an issue of major research for the finite-difference time-domain (FDTD) method [1] . Due to their substantial complexity and continually varying electrical size [2] - [4] these structures usually involve demanding material interfaces with opposing constitutive parameters which trigger detrimental dispersion errors and late-time oscillatory wave interactions. Scrutinizing the technique's discretization rationale [5] - [10] and the cumulative nature of the prior shortcomings, it becomes evident that a more consistent stencil mechanism should be pursued. To this endeavour, the class of weighted essentially nonoscillatory (WENO) schemes [11] - [14] can proffer potential assistance. Such flexible forms establish a cell-averaged reconstruction framework which adapts mesh stencils to difficult geometric oddities and permits the efficient treatment of significantly divergent media interfaces.
To take avail of these consistent schemes and evade their original implicit character, we present a rigorous curvilinear WENO time-domain (WENO-TD) algorithm for the advanced analysis of three-dimensional (3-D) convoluted EMC problems with media discontinuities. The fully explicit method computes the smoothness level of the specific areas and develops a local adaptive finite-difference process that yields the suitable polynomials for derivative approximation. Moreover, through the selective usage of generally curved higher order FDTD counterparts, the erroneous nonsymmetric gridding of curl operators is negated and lattice anisotropy is significantly restrained. In this way, spatial discretization conserves numerical energy, diminishes dispersion errors in a wide-band sense and establishes the correct cell-to-cell jump/continuity conditions for resolving electromagnetic fields across discontinuities. Conversely, temporal integration is achieved by a modified leapfrog or Runge-Kutta approach which subdues spurious modes and eliminates exponentially growing artificialities. The former merits along with the high accuracy and stability of the proposed algorithm are substantiated by a variety of structures, such as shielding enclosures, printed circuit boards (PCBs), patch or aperture-coupled microstrip antennas and anechoic test chambers.
II. DEVELOPMENT OF THE 3-D WENO-TD ALGORITHM
The foremost premise of the new explicit technique lies on the choice of the smoothest stencil amid diverse candidates to precisely evaluate field constituents in a dual grid and avoid constraints near arbitrary interfaces, like the ones of Fig. 1 .
To initiate with our fundamental framework, let us express Maxwell's hyperbolic time-dependent laws in vector notation (1) where are the electric and magnetic fluxes and intensities in a general coordinate system is the position vector, and is the source term. Focusing on spatial differentiation in (1), we denote the cell average of , as
according to a predetermined ensemble with the volume of the cell. Given that 0018-9464/$20.00 © 2006 IEEE are known functions specified by each material in the domain of interest, the control integral formula in (2) may be successfully computed via a Gaussian numerical quadrature over the faces and along the edges of the particular element. For illustration if the cell is curvilinear and spans in the region of (3) then the cell average at the face is prescribed by (4) with the subscripts corresponding to different integration points and grid-oriented coefficients . Notice that (4) calls for point-wise values of , whereas the overall process evolves its volumetric design. In this context, the curl spatial derivatives of (1) can be efficiently obtained through for (5) by means of the piecewise polynomials . Our basic objective, now, is to formulate a weighted convex combination of all functional stencils pertinent to the cell and accomplish the coherent reconstruction of . Actually, the proposed th-order schemes allocate an optimal nonlinear weight to each stencil indicating its contribution to the evaluation of field components. These weights are defined in such a way that in smooth areas provide higher order accuracy while in the vicinity of abrupt discontinuities they acquire a fast curve-capturing profile. Therefore, the essentially nonoscillatory property is totally exploited in contrast to existing notions with two-point approximations. Considering as the direction under study, the resultant stencil classification is (6) for
. If the nodal positions are appropriately resolved, a set of interpolating polynomials is associated to the stencils of (6) with the recursive representation of (7) at time-step and a similar treatment holding toward directions and . Coefficients are acquired in terms of and (8) with the values of the latter for given in Table I . It is stressed that in (6) the stencil set is constructed by the original quantities as opposed to (7) where cell averages are used. This critical issue adapts all rudimentary physical mechanisms to our algorithm before the numerical integration of (4). Thus, for , the first member of the ) family is written as 
The previous dispersion-optimized single-directional design process, repeated along every mesh axis, is proven remarkably rigorous and convergent, even for coarse lattice resolutions. Hence, spatial derivatives receive a fairly enhanced manipulation without augmenting overall complexity, since (7)-(11) are computed only once, ahead of the primary simulation stage.
Concerning the explicit time-advancing of in (1), we implement a robust rendition of the leapfrog integrator (14) whose key feature is the systematic incorporation of the curvilinear WENO forms in the time integration procedure. Alternatively, to retain higher order temporal accuracy, a modified Runge-Kutta three-step process is developed. Denoting as the bracketed term on the right-hand side of (14), one derives (15) The stability of (14) and (15) is mathematically examined by the von Neumann and the energy inequalities method [10] . Concentrating on the latter, we take the inner product on both sides of (1) with the and after some algebra obtain
where is an amplification factor. Inequality (16) reveals that the amplitude of vector ) does not grow during its time update, namely the discrete energy of electromagnetic fields is fully conserved. This principal aspect yields the criterion of (17) in which is the phase velocity of the fastest wave at timestep traveling along the axis. From a physical viewpoint, (17) can be deemed as a guideline which necessitates that the time-step of the proposed technique should be smaller than the minimum propagation time in the mesh to attain the correct sampling of any interaction and capture rapid field variations.
III. ANALYSIS OF DISCONTINUITIES AND MEDIA INTERFACES
The prerequisite for advanced operational traits in modern EMC fabrications leads to the presence of complex material discontinuities that restrict the effectiveness of many numerical methods. To this problem, the low-cost WENO-TD forms can offer a significant treatment. Assume the interface of Fig. 2(a) , which crosses the primary lattice at the extra points. Denoting as the distance of from the relevant surfaces in the medium and focusing on the shaded areas, the expression for spatial derivative at becomes (18) where is the modified smoothness indicator that imposes the proper cell-to-cell jump/continuity conditions. So one has (19) integrated at the cell stencils. Equation (19) is applied near the interface and does not affect the rest of the domain.
For the dispersion relation, we define the associated error via the numerical and exact wavenumbers. Expressly in the solution both propagating and evanescent waves are superimposed to allow a precise approximation. Thus (20) with , which reveals a serious enhancement adjusted by . Further improvement is attained by generalized higher order FDTD analogs [15] , whose combination with the WENO-TD forms is straightforward. In fact, the ensuing volumetric patterns circumvent fine tessellations and alleviate the contaminating anisotropy discrepancies.
IV. NUMERICAL RESULTS
The simulation competence and accuracy level of the novel WENO-TD schemes are investigated in terms of several EMC applications with different electrical sizes and arbitrary curvatures. Wherever necessary, unbounded domains are terminated by 6-or 8-cell perfectly matched layers (PMLs) [1] , whereas various excitations are incorporated for credible outcomes.
In the first example, we examine a wide-band 2 1 array with two circular patches, located over an -shaped ground plane, as in Fig. 1 . The structure is tuned to be circularly polarized by two perturbed segments (0.71% of the patch area) cut at the opposite ends of a patch diameter. Typical dimensions are: mm, mm, mm, mm, mm, mm, mm, and mm. Fig. 3 illustrates the evolution between the two elements for various setups. Additionally, Table II presents the realization aspects along with the convergence rate and max . Results show that the proposed method is in fairly close agreement with the reference, unlike the (2, 2) and (4, 4) FDTD techniques, achieving minimal dispersion errors and reasonable system demands.
Next, analysis proceeds to the equilateral-triangular microstrip antenna of Fig. 4 , placed mm over a mm thick FR4 substrate and fed by an slot. Its dimensions are selected to be: mm, mm, mm, mm, mm and mm. Setting for our schemes, the axial ratio and gain of this circularly polarized antenna are given in Fig. 4 , which proves their superiority for the relatively coarse resolution, over Yee's algorithm with the 90.72% finer lattice and the very fine resolution. Let us now evaluate the broad-band performance of electrically large test facilities (Fig. 1) and optimize the required absorbers. We begin with a 6.8 7.2 4.6 m fully anechoic chamber lined by urethane, 25% carbon-loaded, 0.86-m tall pyramids. Fig. 5 shows the facility's field uniformity measured at a 16-point, 1.5 1.5 m grid above its turntable. If data do not deviate beyond 6 dB at 12 out of 16 points, then the chamber is deemed suitable. As deduced, only the WENO-TD forms follow the reference data. Also, Fig. 5 gives the influence of the gap between the absorbers' ferrite tiles. Electric field is computed in a region, 1.2 m in the quiet zone, for a 1.58-and a 0.22-mm gap at 250 MHz. Obviously, the first environment is unreliable for EMC tests in contrast to the second one. Similarly, Fig. 6 presents the normalized site-attenuation of a 10.4 8.2 4.6 m hardware-in-the-loop semi-anechoic chamber (inlet sketch) with the hybrid absorbers of Fig. 2(b) and compares the results with open area test site (OATS) data. Our method overwhelms FDTD layouts, since it successfully predicts the facility's suitability. Moreover, the reflectivity of the last absorber inside a 9.5 6.2 4.2 m tapered chamber is explored in Fig. 7(a) , while Fig. 7(b) validates the large dispersion error reduction by the normalized phase velocity for several values of order .
Finally, the enclosure of Fig. 8 , divided by a metallic shield with an elliptical aperture ( cm, cm, cm) is examined. Its shielding efficiency proves again the accuracy of the WENO-TD treatment for an 85% coarser grid.
V. CONCLUSION
The rigorous modeling of complex realistic EMC applications by a fully explicit 3-D WENO-TD method is presented in this paper. Via optimal convex stencil combinations, mesh reflection errors are greatly diminished and strenuous interfaces are successfully handled. Results confirm the prior merits and indicate the algorithm's broad-band design versatility. 
